Abstract-This paper is the first report of robotic intracytoplasmic sperm injection (ICSI). ICSI is a clinical procedure performed worldwide in fertility clinics, requiring pick-up of a single sperm and insertion of it into an oocyte (i.e., egg cell). Since its invention 20 years ago, ICSI has been conducted manually by a handful of highly skilled embryologists; however, success rates vary significantly among clinics due to poor reproducibility and inconsistency across operators. We leverage our work in robotic cell injection to realize robotic ICSI and aim ultimately, to standardize how clinical ICSI is performed. This paper presents some of the technical aspects of our robotic ICSI system, including a cell holding device, motion control, and computer vision algorithms. The system performs visual tracking of single sperm, robotic immobilization of sperm, aspiration of sperm with picoliter volume, and insertion of sperm into an oocyte with a high degree of reproducibility. The system requires minimal human involvement (requiring only a few computer mouse clicks), and is human operator skill independent. Using the hamster oocyte-human sperm model in preliminary trials, the robotic system demonstrated a high success rate of 90.0% and survival rate of 90.7% (n = 120).
I. INTRODUCTION
T HE World Health Organization reports that averagely 8-10% of couples worldwide experience infertility. Many of these couples require in vitro fertilization (IVF) treatment to conceive. In IVF, intracytoplasmic sperm injection (ICSI) is a procedure in which a single sperm is injected directly into an oocyte (i.e., egg cell) to overcome issues such as male infertility [1] .
In the past two decades since its invention, ICSI has been conducted manually by highly skilled embryologists who look into the eyepieces of a microscope while dexterously controlling multiple devices (e.g., micromanipulators, pump, microscope stage). However, long training, stringent skill requirements, low success rates from poor reproducibility (e.g., success rates vary from 50% to 80% in IVF clinics in North America), and inconsistency among operators in manual operation call for the reduction of human involvement and automated ICSI.
ICSI involves more than cell injection. Before an oocyte is injected, a single sperm must be tracked, immobilized, and aspirated into a sharp injection micropipette. Due to the small size (≤1 μm thickness) and the fast movement (≥25 μm/sec) of the sperm tail, the visibility of the sperm tail is rather low under various optical microscopy conditions, making the identification and visual tracking of a moving sperm tail challenging.
Tracking low-contrast objects has long been a topic of interest to the robotics and automation community. Since edge information is often lost or cannot be extracted from low-contrast objects in images, Chan et al. developed an active contour-based object detection algorithm that does not require edge information [2] . However, the method requires numerous iterations before converging to a solution, rendering the algorithm unsuitable for real-time applications. The Kalman filter is optimal for tracking low-contrast objects that exhibit linear and Gaussian temporal dynamics [3] . The sperm tail's movement, however, possesses complex nonlinear and nonGaussian temporal dynamics, making the Kalman filter unsuitable for the sperm tail tracking task.
When a sperm is picked up, the next step is to inject it into an oocyte. The past decade has witnessed significant engineering efforts to automate cell injection using automation and robotics approaches (e.g., [4] - [6] ). These systems all borrowed the architecture directly from manual operation and automated only a few steps. Steps that are challenging to a robotic system such as aligning a micropipette relative to a cell, searching for a cell, orienting it, and switching from one cell to the next, were still conducted by a skilled human operator. Robotic research emphases were placed upon precision microrobotic motion control, development of computer vision algorithms for localization and visual tracking of cells and micropipettes, visual servo control of the micropipette, or integration of visual and haptic interfaces. This paper presents a robotic ICSI system featuring fast oocyte positioning, automated sperm tracking and immobilization, and adaptive oocyte injection with minimal human involvement. A cell holding device was developed to hold many oocytes into a regular pattern. A sperm tail tracking algorithm robust to the low-contrast appearance and the nonlinear fast movement of the sperm tail was developed. A computer vision algorithm was developed to recognize oocyte structures for adapting injection parameters. Experimental results demonstrate that the system is capable of conducting ICSI with high success and survival rates. 
II. SYSTEM SETUP
As shown in Fig. 1 , the robotic ICSI system consists of a standard inverted microscope (Nikon Ti-S), a CMOS camera (601f, Basler), an in-house developed vacuum-based cell holding device for holding multiple oocytes, an in-house developed precision vacuum pump to provide pressure ranging between −2.5 kPa and 2.5 kPa for holding and releasing oocytes, an in-house developed motorized rotational stage [7] placed on a motorized X-Y translational stage (ProScan, Prior Scientific Inc.) for oocyte positioning and orientation control, a straight ICSI micropipette (MIC-50-0, Humagen) connected to a 25 microliter glass syringe (Hamilton), filled with mineral oil, and mounted on a linear stage (eTrack, Newmark System Inc.) for computer-controlled sperm aspiration and deposition, a 3-degrees-of-freedom motorized micromanipulator (MP285, Sutter Inc.) for positioning the ICSI micropipette (30
• tilting angle) to diagonally penetrate oocytes, a heating stage (THN-60-10, LINKAM) to maintain oocytes and sperm at 37
• and a host computer for controlling multiple motion control devices and processing images in real time.
Different from conventional ICSI setups that consist of two micromanipulators and use both a holding micropipette and an injection micropipette, our system contains only one micromanipulator and uses a single injection micropipette for the complete ICSI task.
III. SYSTEM OPERATION
An operator deposits sperm and oocytes onto the customdeveloped cell holding device [see Fig. 2 ]. The device consists of an oocyte well with through-holes, a sperm well, a sealed cham- ber, and a connector connecting the chamber to a precision vacuum pump. The sealed chamber is underneath the oocyte well. When oocytes and culture medium are placed into the oocyte well, the oocytes are batch held/released by the application of negative/positive pressure via the sealed chamber. The devices were constructed via injection molding. The through-holes (e.g., 45 μm for hamster oocytes) were laser drilled (excimer laser, 193 nm) with little debris and highly clean features. Fig. 2(b) shows that nine oocytes are immobilized on the cell holding device, which takes less than one minute. Due to the known positions of oocytes immobilized on the cell holding device, the system is able to readily locate oocytes without conducting random search.
Despite the small size of oocytes and their 2-D appearance under microscopes, an injection micropipette must be 3-D aligned relative to an oocyte for performing manipulation tasks. Focusdefocus approaches [8] do not offer sufficient accuracy for cell manipulation tasks, and methods reported for contact detection using force or touch sensors (e.g., [9] , [10] ) complicate system setup. Our system integrates a vision-based contact detection algorithm to automatically determine the vertical position of the micropipette tip and device surface in the oocyte area [11] . The system performs contact detection in both the sperm well and the oocyte well before manipulating sperm and oocytes.
The operator selects a sperm by computer mouse clicking in the proximity of the sperm head. Alternatively, the system is also capable of automatic sperm selection based on sperm locomotive behavior (e.g., speed). The system tracks the motion of the selected sperm and automatically taps its tail for immobilization. A sperm must be immobilized before injection to prevent its interference with the cytoskeleton and metaphase spindle of the oocyte [12] . After the sperm is aspirated into the micropipette [see Fig. 3 ], the first oocyte is brought into the field of view. If needed, the oocyte is rotated to move the polar body, a cellular structure, away from the penetration site to avoid damage to the spindle [7] . The system performs penetration, sperm cell deposition, and micropipette retraction all through computer control. The sperm manipulation and oocyte injection process is repeated until all oocytes are injected.
There are three motion control devices in the system including the micromanipulator, X-Y translational stage, and rotational stage that are cooperatively controlled for automated sperm and oocyte manipulation. The overall control architecture of the system is described in Fig. 4 . Microscopy visual feedback, which is critical for both sperm and oocyte manipulation, is used for identifying sperm and oocyte structures. Furthermore, visual tracking based on image feedback is used for providing position feedback to guide the operation of the micromanipulator, X-Y translational stage and rotational stage. The X-Y stage and rotational stage are controlled simultaneously to control the orientation of an oocyte [7] . Details of image-based visual servo control for sperm tracking and immobilization are described in the next section.
IV. AUTOMATED SPERM MANIPULATION
Due to the fast movement of healthy sperm, a sperm cell can out of the field of view of a microscope quickly. The low-contrast appearance of the sperm tail also makes the identification of sperm tail challenging. To achieve automated sperm manipulation in robotic ICSI, sperm head and trail tracking algorithm is essential for: 1) visually tracking the spatial location of the sperm, 2) servoing the microscope stage to move the sperm to the center of the field of view, and 3) averaging the tracked head and tail positions to locate the midpoint of the sperm tail for robotic immobilization. Consistently tapping the midpoint of the sperm tail is preferred to prevent damage to the sperm head [13] .
Several algorithms have been developed in the field of computer-assisted sperm analysis (CASA) to track sperm trajectories, measure sperm velocity, and evaluate sperm energetics [14] , [15] . Prior work for estimating the direction of a sperm tail used the minor and major axes of the sperm head's morphology [16] . The sperm head, however, has a wide variety of shapes [17] . Thus, the approach does not always provide the correct direction of the sperm tail. Despite the considerable progress made in CASA, automated detection and tracking of sperm tails have not been explored.
In our robotic ICSI system, the sperm tracking algorithm first tracks the sperm head to provide visual feedback of the sperm position. Then the sperm tail region of interest (STROI) is extracted. The STROI aims to capture the tail tip region of the sperm. Once the STROI is found, the maximum intensity region (MIR) algorithm is used to locate a point on the sperm tail within the STROI.
A. Sperm Head Tracking and Visual Servoing
The sperm head is distinctive and, hence, is used for tracking the position of a sperm cell. With the sperm head position, c(i) = (c x (i), c y (i)), the spatial distance from the sperm head c(i) to the center of the field of view X c is determined. The spatial distance is input into a PID controller, which is used to visually servo the X-Y stage to keep the sperm at the center of the field of view [see Fig. 4 ].
The sperm head tracking process is initiated by a human operator who selects a desired sperm head to track via mouse click on or within proximity to the sperm head. The system obtains a 40 × 40 sperm head region of interest (SHROI) from the current frame i. The SHROI image's center is initially at the mouse clicked position. The SHROI image is binarized by applying Otsu's adaptive thresholding algorithm. The contour of the sperm head in the SHROI image is computed. The sperm head position c(i) is found by calculating the moment of the contour. The SHROI is then updated to be a 40 × 40 region of interest centered at the sperm head's centroid. For subsequent frames, a similar process is executed to track the sperm head position. However, instead of a mouse click to initiate the process, the SHROI of the previous frame is used by the system as the initial 40 × 40 SHROI.
There may be instances in which foreign particles or other sperm enter the SHROI. The sperm head tracking algorithm must be able to differentiate between the sperm of interest and interfering sperm or foreign objects that enter the SHROI. The swimming direction vector of the sperm of interest is used as a unique identifier to discriminate the sperm of interest from other sperm or particles. In the situation where only one sperm is present in the SHROI, the sperm's current direction vector v(i) in the current frame, represented by (1), is found by subtracting the sperm centroid position in the previous frame c(i − 1) from 
When more than one sperm or object is present in the SHROI, (1) is extended to
where s represents each sperm in the SHROI, and s prev is the sperm of interest in the previous frame. The candidate sperm s that produces the minimum Euclidean distance value is considered the sperm of interest s soi :
where N is the total number of sperm and objects inside the SHROI.
B. Sperm Tail Tracking
With the sperm head position found [ Fig. 5(a) ], the sperm tail region of interest (STROI), in which the tail is located, can be computed. An example of the STROI is shown in Fig. 5(b) . In the ICSI procedure, healthy energetic sperm with strong movement are desired. Hence, our tracking algorithm is only concerned with sperm that are in motion. The average unit direction vector of the sperm movement, and the sperm head position are used to find the STROI. The unit average direction vector is used instead of the direction vector described by (3), because the sperm may exhibit abrupt local changes in movement direction between two consecutive frames. By averaging the direction vectors of the sperm across 30 frames, abrupt changes in the sperm direction between frames are mitigated. Each spatial component of the average direction vectorv(i) for a given frame i is found bȳ
where r represents the spatial coordinate values x and y. Each spatial component of the unit average vectorv r (i) can then be calculated to bev
The STROI's center position t r (i) is found by adding a scaled value of the direction vector to the sperm head's centroid
where a is a scalar value. Studies have shown that the average human sperm length is approximately 50 μm [11] . Under 20× magnification this value converts to a length of approximately 120 pixels. Experimentally we found that a value [70, 90] is appropriate for a, as the value compensates for the sperm tail's constant contraction and bending. The STROI is obtained by taking a 25 × 25 ROI centered at the t r (i) position. A 25 × 25 STROI provides a sufficient tail search area that takes into account a range of different sperm tail lengths and the tail's transversal displacement.
After finding the STROI, the algorithm verifies that a tail is present in the STROI. The fundamental feature of flicker is extracted by taking the absolute difference between six consecutive inverted grayscale image frames
where f (i) is the flicker image extracted at frame i, and I represents the grayscale images containing the sperm of interest at frames i to frame i − 5. Each pixel in the flicker image is squared to enhance the pixel values of areas in which the tail is present. The pixel sum in the STROI of the f (i) image is used as a measurement to determine the presence of a sperm tail. If the pixel sum is above a specific threshold (β = 8000), a tail is considered to be present. The threshold value β was found experimentally by comparing the pixel sum values of STROI images in which a tail exists against cases where no tail exists. Since the flicker image excludes uniform background information, this β value can be applied to different microscopic brightness conditions. However, β may need to be adjusted to compensate for variations in noise floor conditions across different microscope cameras. An example of the flicker image is shown in Fig. 5(c) . If the pixel sum is below the threshold value β, no tail can be found and the human operator could be informed via a prompt message that the tail has been lost. This situation can happen if the sperm of interest becomes out of focus, resulting in the tail disappearing from the field of view.
Once the sperm tail is confirmed to exist within the STROI, the MIR algorithm is used to detect a point on the sperm tail. The MIR algorithm uses the flicker image. The motivation behind this algorithm is that an individual frame may not show the sperm tail due to the tail's low contrast and fast movement. However, by extracting the flicker feature of the sperm tail [as shown in Fig. 5(c) ], the position of the sperm tail can be prominently seen. This approach overcomes challenges that arise from the low-contrast image of the sperm tail in a single frame. The algorithm first finds the location of maximum intensity within the 25 × 25 STROI of the flicker image. This is accomplished by evaluating the sum of the intensity values inside a 5 × 5 window at a spatial sampling interval of 5 pixels in both the x and y coordinates of the STROI flicker image. The center position of the 5 × 5 window with the largest intensity value is considered the tail location (i.e., a point on the sperm tail).
C. Sperm Immobilization
Successful tracking of sperm head and tail is indispensable for the automation of sperm immobilization. Fig. 6 shows the operation sequence of automated sperm immobilization. The system positions the micropipette at 25 μm above the bottom of the sperm well and 100 μm left to the center of the field of view [ Fig. 6(a) ]. An operator selects a sperm of interest by computer mouse clicking on or in proximity to the sperm head [ Fig. 6(a) ]. This step permits the human operator to select a desired sperm based on sperm morphology and motility, thus exercising his/her expert knowledge. The system then starts to track the sperm head and tail [ Fig. 6(b) ].
With the sperm head position tracked, the spatial distance from the sperm head to the center of the field of view is determined. The spatial distance is used as the reference input of a PID controller to visually servo the X-Y stage and keep the sperm within the center region of the field of view [see Fig. 4 ]. Starting values of PID gains were obtained using standard methods, and their final values were determined through experimental trials.
The midpoint of the sperm tail x m is determined by averaging the tracked head and tail positions. The system controls the micromanipulator to produce a sequence of motions. The midpoint of the sperm tail is tapped by the injection micropipette against the bottom of the sperm well to immobilize the sperm [ Fig. 6(c)] . The sperm is then aspirated into the micropipette from the head and its head is positioned at the black line [ Fig. 6(d) ].
V. OOCYTE INJECTION
Oocyte penetration parameters (e.g., penetration speed, height, and depth) must be well controlled to ensure a high postinjection survival rate. For example, as shown in Fig. 7(a) , when the penetration height is too large (above point P), the oocyte would rotate because of the generated torque. When the penetration height is too low (below point P), the micropipette could collide with the cell holding device or fail to penetrate the zona pellucida [ZP in Fig. 7(a) ] and/or the cytoplasmic membrane. A proper penetration height of the micropipette (position P) is desired to penetrate each oocyte through the center of the cytoplasmic membrane.
In ICSI, oocyte sizes and their ZP sizes vary significantly [ Fig. 7(b) ] [18] . As an improvement over our previous cell injection work [19] , the robotic ICSI system adaptively determines the penetration height based on the radius of each oocyte's ZP. Considering that the negative pressure only slightly deforms a very small part of the oocyte, the oocyte maintains a shape approximating a sphere [ Fig. 7(a) ]. Thus, penetration height of the micropipette is h = r(1 + tanα). Recognition of the cytoplasmic membrane and ZP is through a series of steps including adaptive thresholding to create a binarized image of the oocyte, calculation of the center of the mass of the binarized image, locating the contour of the cytoplasmic membrane, and determination of the ZP via iterative growth of the radius of the cytoplasmic membrane. Thus, the system adjusts penetration parameters by calculating the size of an oocyte. Fig. 7(c), (d) shows the injection of an oocyte and sperm deposition.
VI. RESULTS AND DISCUSSIONS

A. Sperm Tracking and Manipulation
Trials on 100 sperm were first performed to evaluate the system's efficacy for sperm tracking. The system achieved a sperm tail tracking success rate of 96%. Sperm tail tracking failed when the sperm enters dark areas of the medium (e.g., air bubbles or large foreign particles). This type of failure can be reduced by manually eliminating bubbles in the culture medium and by ensuring that the culture medium has a low level of contaminants during sample preparation.
The efficacy for sperm immobilization was evaluated on another 1000 sperm. Overall, the system achieved an immobilization success rate of 94.4% (i.e., 944 out of 1000 sperm were successfully immobilized). The average successful immobilization time was determined to be 6-7 seconds. Most of the failure cases were due to the sudden increase in sperm speed during the sperm tail tapping step. In this step, sperm head and tail tracking is disabled to prevent tracking errors resulting from the occlusion of the sperm by the micropipette [Fig. 6(c)] . Thus, the X-Y stage is servoed at the last PID computed velocity. Since the constant velocity of the X-Y stage is not always able to compensate for the sudden increase in sperm speed, the micropipette either misses the sperm tail or hits the very tip of the sperm tail, which often is not sufficient for immobilizing the sperm due to the extreme thinness of the sperm tail tip.
B. Robotic ICSI
The performance of the robotic ICSI system was quantified by injecting 120 hamster oocytes with donated human sperm. The model of hamster oocyte injection with human sperm is widely used in ICSI training [20] - [22] . The human sperm injected hamster oocytes are not able to develop beyond the two pronucleate stages (i.e., the earliest stage of development) thereby ameliorating ethical concerns. The average time cost in each injection cycle, which includes tracking, immobilization, aspirating a sperm cell and injecting it into an oocyte, was approximately two minutes per ICSI operation. This speed is comparable to highly experienced ICSI operators with over 10 years' experience.
The morphology of injected oocytes were inspected visually immediately after injection. The injected oocytes were then cultured inside at 37
• C with 5% CO 2 . The morphologies of the injected oocytes were checked 20 hours after culture to determine the condition of the oocytes. Oocytes with both clear, continuous cytoplasmic membrane and small periviteline space were considered alive [23] .
For quantitative assessment, success rate was defined as the ratio of the number of injected oocytes with sperm successfully deposited in the cytoplasm to the total number of injected oocytes. Survival rate was defined as the ratio of the number of injected oocytes that were alive after 20 hours incubation to the total number of injected oocytes with sperm successfully deposited in the cytoplasm.
Experimental results are summarized in Table I . Of the five independent trials performed by operators having no ICSI training, the robotic ICSI system produced highly consistent results, independent of operator skills (success rate 86.7%-93.3%; survival rate 88.5%-92.9%). The average success rate and survival rate were 90% and 90.7%. The high survival rate demonstrates that robotic injection did not cause significant damage to cell development. In the low number of cases where sperm deposition TABLE 1  HAMSTER ICSI RESULTS PRODUCED BY THE ROBOTIC ICSI SYSTEM failure occurred, the sperm were longer than average, causing the sperm tail tip to hang out of the micropipette. During oocyte penetration, the tail tip can adhere to the oocyte's ZP. After the micropipette was retracted out of the oocyte, the sperm came out of the cytoplasmic membrane of the oocyte with the micropipette. Aspirating the sperm further into the micropipette is not preferred because too large a volume deposited into an oocyte can negatively affect oocyte development.
The sample size tested in this study was not large. However, the preliminary results demonstrate that the robotic ICSI system is capable of dramatically reducing the learning curve of ICSI, capable of performing highly consistent ICSI operation, and is ready for large-scale animal/human trials.
VII. CONCLUSION
This paper described the first robotic ICSI system capable of completing ICSI procedures that involve the manipulation of sperm and injection of oocytes. We developed a unique cell manipulation architecture by introducing a vacuum-based cell holding device for immobilizing many oocytes into a regular pattern, alleviating the challenge of random cell search. For sperm manipulation, a visual tracking algorithm was developed to track sperm head and low-contrast sperm tail for robotic immobilization of single sperm. Based on trials of 1000 sperm, 94.4% of the sperm were successfully immobilized by the robotic system. Furthermore, the robotic ICSI system performed complete ICSI procedures using the hamster oocyte-human sperm model. A success rate of 90.0% and a survival rate of 90.7% were achieved (n = 120). The robotic ICSI system demonstrated a high degree of reproducibility and operator skill independence. Clinical patient trial using the robotic ICSI system is underway.
